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ABSTRACT
Mexico is the world’s second largest chili pepper producer. Its production requires high
amounts of chemical fertilizers, generating environmental problems such as water scarcity and
soil salinity. There are alternatives to reduce this problem, one of them is the use of plant growth
promoting rhizobacteria. The hypothesis of this work was that by inoculating chili pepper
(Capsicum annuum L.) seedlings with growth-promoting rhizobacteria, the effects caused by salt
and water stress are reduced and their growth is promoted. The objective was to evaluate five
bacterial strains with growth-promoting capacity in the production of chili pepper seedlings
grown under salt and water stress. A completely randomized experimental design with
factorial arrangement (AxB) was used, where factor A (bacterial strain) had five levels (strains
of different species), and factor B (substrate moisture content) four levels (100, 75, 50, and 25 %),
having 24 treatments with five replicates each, generating 120 experimental units. Moisture
was maintained with the application of a NaCl solution in water in all experimental units. Plant
height, root length, fresh weight, dry matter, seedling sodium concentration, and the presence
of rhizobacteria in the root were evaluated. The rhizobacterium Acinetobacter johnsonii showed
significant differences with respect to the control without inoculation for the variables plant
height with 12.4 cm, root length with 10.6 cm, fresh weight with 1.266 g, and dry matter with
0.394 g; for the concentration of Na* in the plant, the rhizobacterium ixta gaviniae obtained a
concentration of 3.60 g of Na* per kg of seedling with respect to the control without inoculation.
Therefore, these rhizobacteria can be used as an alternative method to control water and salt

stress in chili pepper seedlings and improve their initial development.
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INTRODUCTION
Chili pepper (Capsicum annum L.) is one of the most economically important crops
within horticulture, with China being the world’s leading producer with more than
10.7 million Mg produced, while Mexico ranks second with 1.7 million Mg (FAO,
2020).
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The most cultivated chili pepper varieties in the country are jalapefo, poblano, and
serrano, whose management demands high amounts of chemical fertilizers, which
translates into high production costs and potential soil contamination (Salazar-Jara
and Judrez-Lopez, 2013), causing environmental problems such as water scarcity and
soil salinity. Salinity is a limiting environmental component for plant development.
Although the original source of salts comes from the primary minerals that form the
rocks, the soluble salts in the soil come mostly from the salts dissolved in the irrigation
water (Santamaria-César et al., 2004). Chili ppepper plants are sensitive to salt stress
(Azuma et al., 2010); high salt concentration in soil and water inhibits metabolic
processes and affects nutrient uptake.

Seedling production quality is a combination of characteristics such as height, stem
diameter, root length (Araméndiz-Tatis et al., 2013), number of leaves, and leaf area
(Vidigal et al., 2011), which affect their vigor. A good development free of pests and
diseases allows greater adaptability to transplanting, with high water and nutrient
absorption capacity (Salusso et al., 2015). Producing high quality and vigorous chili
seedlings ensures excellent fruit production under greenhouse conditions (Sarduy et
al., 2016).

Analternative method that can help seedling establishmentis the use of microorganisms
(Kumar et al., 2012), which has been implemented for the benefit of agricultural
indicators since ancient times (Bhattacharyya and Jha, 2012). Thus, the effects of
different types of abiotic stresses (such as drought, extreme temperatures, salinity, and
metal toxicity) are reduced by the application of beneficial microorganisms (MiloSevi¢
et al., 2012).

Several authors such as Kang et al. (2014), Padmavathi et al. (2015), and Palmer et
al. (2018) have used plant growth-promoting rhizobacteria (PGPR) belonging to the
genera Acinetobacter, Bacillus, Mixta, among others.

The use of PGPR can lead to multifactorial benefits, such as: phosphate
solubilization, production of siderophores, volatile organic compounds (VOCs), and
1-aminocyclopropane-1-carboxylicacid (ACC) deaminase enzyme; as well as biological
nitrogen fixation, phytohormone production and regulation, pathogen biocontrol,
activation of induced systemic resistance (ISR), among others (Bhattacharyya and
Jha, 2012). The PGPR can adapt to diverse environmental scenarios and help mitigate
stress conditions in plants.

In situations of drought or salinity, the protective effect of rhizobacteria consists of
reducing ethylene production and increasing the concentration of phytohormones
such as abscisic acid and auxins; in addition, give protection against reactive
oxygen species (ROS), produce compatible solutes, solubilize phosphates, produce
exopolysaccharides, and control phytopathogens (Ruppel et al., 2013).
Salazar-Ramirez ef al. (2021) conducted a study to isolate PGPR from the rhizosphere
of candelilla (Euphorbia antisyphilitica Zucc.); the isolated rhizobacteria were tested
against Arabidopsis thaliana in a Petri dish system with Murashige and Skoog (MS)
medium to test their growth-promoting and salt stress protection properties.
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Based on the results obtained, five rhizobacteria were selected, which stimulated
the growth of Arabidopsis thaliana under standard and saline conditions. Some of the
mechanisms identified were the production of indole-3-acetic acid (IAA), siderophores,
phosphate solubilization, and ACC deaminase enzyme activity. These data reveal the
potential of candelilla rhizobacteria to promote growth and confer salinity tolerance.
Based on the above, the hypothesis of this study was that inoculating serrano chili
pepper (Capsicum annuum L.) seedlings with growth-promoting rhizobacteria reduces
the effects of water stress under salinity conditions and promotes seedling growth.
The objective of this study was to evaluate the response of five plant growth-promoting
rhizobacteria isolated from the candelilla rhizosphere on the production of serrano
chili pepper seedlings, under water stress in saline irrigation conditions.

MATERIALS AND METHODS

Experimental site
The research was carried out during the spring-summer 2020 agricultural cycle at
the Biotechnology Laboratory of the Instituto Tecnolégico de Torreon (ITT) located
at Antigua Carretera Torreon-San Pedro km 7.5, Torreon, Coahuila, Mexico. The
predominant climate in this region is semi-desert, with average annual rainfall
between 100 and 300 mm, average temperature between 30 and 40 °C in summer, and
8.5 °C in winter.

Plant material
Serrano chili pepper (Capsicum annuum L.) seeds were disinfected in 20% chlorine for
5 minutes and washed four times with sterile distilled water.

Inoculum preparation and characteristics of rhizobacteria
The rhizobacteria used in the research were isolated from candelilla rhizosphere
(Euphorbia antisyphilitica Zucc.) and identified by 16s TRNA gene (Table 1) using the
CTAB technique (Doyle and Doyle, 1990) by Salazar-Ramirez ef al. (2021).

Table 1. Molecular identification of bacteria isolated from candelilla rhizosphere (Euphorbia
antisyphilitica Zucc.).

1D Taxon bp Identity (%) Accession number
NFbEcto18 Acinetobacter johnsonii 353 82 NR_164627.1
CASEcto4 Staphylococcus epidermidis 1402 99 NR_036904.1
CASEcto12 Mixta gaviniae 641 99 NR_117305.1
CASEcto13 Staphylococcus epidermidis 1377 95 NR_113957.1
CASEndol0 Bacillus cereus 1398 99 NR_074540.1

Molecular identification using the 16S rRNA gene of rhizobacteria isolated from candelilla (Salazar-
Ramirez et al., 2021). ID: identification; bp: DNA base pairs.
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The strains had characteristics of salinity tolerance (Table 2), phosphate solubilization,
and production of the enzyme ACC deaminase, siderophores and indoleacetic acid

(Table 3), which gives them characteristics of plant growth promoters.

The strains were grown in nutrient broth under constant agitation for three days at
28 °C until a concentration of 1 x 10° CFU mL" was obtained. Direct inoculation was
performed on serrano chili pepper seed with the aforementioned concentration. After
four days of growth, they were placed in pots with substrate, and four days later
the seedlings were inoculated again with a concentration of 1 x 10® CFU mL", to be

harvested 50 days after application.

Table 2. Development of rhizobacteria under different NaCl concentrations.

Salinity tolerance

ID Rhizobacteria 0.85M (5%) 17M(10%) 255M(15%) 3.4 M (20 %)

NFbEcto18 o+ ++ + .

CASEcto4 +++ +++ +++ +
CASEcto12 +++ + + _
CASEcto13 +++ +++ +++ +
CASEndo10 +++ +++ -+ -

Bacterial growth under different NaCl concentrations (Salazar-Ramirez et al., 2021).

+++ maximum growth; ++ medium growth; + minimum growth; - no growth.

Table 3. Biochemical characterization of rhizobacteria.

ID Rhizobacteria Pho.sPhat.e IAA production Siderophore ACC dgam1nase
solubilization 1 . activity
(mm) (g mL7) production (nmol a-KB (mg Pr) h')
NFbEcto18 - 14.630 + 0.878
CASEcto4 2.133 £0.399 6.429 + 0.457
CASEcto12 2.667 +0.900 11.905 + 0.344
CASEctol3 2.933 +0.530 5.026 + 0.685
CASEndo10 1.400 + 0.507 11.984 - 0.157

Results of biochemical characterization of rhizobacterial isolates (Salazar-Ramirez et al., 2021).

+ Arithmetic means, standard deviation of triplicate experiments; + development; - no development; AIA:
indole-3-acetic acid. The activity of the enzyme 1-aminocyclopropane-1-carboxylic acid deaminase (ACC

deaminase) is measured in pumol of a-ketobutyrate (KB) mg™ Pr (protein) h'.

Substrate and irrigation used

The substrate used for the growth of serrano chili pepper seedlings consisted of a
mixture of peat moss, perlite, and vermiculite (2:1:1 ratio), which was sterilized in
an autoclave at 124.1 kPa pressure for 2 h. Pots of 1.3 L capacity were filled with this
substrate. Water with an electrical conductivity (CE) of 2.5 dS m™ was used, which is
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considered highly saline (1.5 to 3.0 dS m™), according to the classification of irrigation
water, which helps to generate salt stress.

Irrigation was applied based on the usable humidity (HA) of the substrate, managing
4 levels (100, 75, 50, and 25 %), in order to obtain different irrigation regimes and
generate a water deficit.

The irrigation lamina to be applied for each HA level was obtained from the moisture
retention curve according to the following equation, also reported by Borges-Gémez
et al. (2010):

Va - (CC - PMP) Da Vs

where Vi is the volume of water to be applied (L), CC is the water content at field
capacity (%), PMP is the water content at permanent wilting point (%), Da is the bulk
density (g cm?), and Vs is the volume of the substrate (L).

Variables evaluated

Seedling height
This variable was measured every third day before each application of the treatments,
using a vernier. The data referred to this variable are expressed in centimeters (cm).

Root length
When the plant was sampled destructively, excess substrate was removed from the
root by washing with water. When it was clean, it was measured with a tape measure.

Fresh weight of leaves, stem, and root
It was quantified only once at the end of the experimental work. A VE-500 digital
analytical scale (Velab, USA) was used. The results obtained are expressed in

grams (g).

Dry weight of leaves, stems, and roots (dry matter)

It was quantified at the end of the experimental work. The previously weighed plant
material was left for 72 hours in a drying oven at a temperature of 65 °C, and its weight
was measured again. The results for this variable are expressed in grams (g).

Sodium concentration in seedlings

For the determination of sodium (Na+) content, 50-day-old serrano chili pepper
seedlings were taken from each of the treatments evaluated, subjected to dry digestion
and analyzed in a GBC Explora atomic absorption spectrophotometer (GBC Scientific
Equipment, Melbourne, Australia).

Microbiological analysis (CFU)
The microbiological analysis of the root part of the seedling was carried out with
a wash in distilled water, from which serial dilutions were made (-1, -2 and -3) to
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proceed to sowing in Petri dishes with LB medium. Only -3 dilutions were seeded.
The boxes were incubated for 72 h, for which the formula of Colony Forming Units
per gram of root was used according to the serial dilution procedure (CFU g in each
substrate).

Experimental design and statistical analysis

An A x B factorial arrangement was used, where factor “A” comprises the five
rhizobacteria used (NFbEcto18, CASEcto4, CASEcto12, CASEcto13, CASEndo10) and
a control without inoculation, and factor “B” the four irrigation regimes (100, 75, 50,
and 25 %), under a completely randomized design. This gave a total of 24 treatments
with five replicates each, generating 120 experimental units. The data of the variables
were subjected to an analysis of variance and the means were compared by the Tukey
test (p < 0.05) in the statistical package SAS (Statical Analyisis System) version 9.1. The
graphs were prepared in GraphPad Prism 6.

RESULTS AND DISCUSSION

Effectiveness of rhizobacteria in growth promotion
Statistical analysis for the evaluation of the effect of rhizobacteria on the growth
promotion of serrano chili pepper seedlings, fifty days after sowing (das), showed
significant differences (p <0.05) among treatments. For the plant height variable (Table
4), the strain identified as Acinetobacter johnsonii NFbEctol8 obtained an average of
9.975 cm; for the root length variable, its average was 8.150 cm, thus showing significant
statistical differences compared to the control without inoculation.

Table 4. Effect of rhizobacteria on growth promotion of serrano chili pepper (Capsicum
annum L.) seedlings.

Rhizobacteria Plant height Root length Fresh weight ~ Dry matter
(cm) (cm) (8) (8)
Control 3.6e 5.325 ¢ 0.232 ¢ 0.024 ¢
NFbEcto18 9.975 a 8.15a 1.018 a 0.067 b
CASEcto4 6.375 ¢ 4.675d 0.16d 0.026 ¢
CASEcto12 9.05b 6.1b 1.045a 0.079 a
CASEcto13 49d 6.3b 0.219 cd 0.023 ¢
CASEndol0 5.825 ¢ 6.2b 0.247 ¢ 0.050 b

*Means with different letters in column represent statistical differences (Tukey, p <0.05).

In the variables of fresh weight with 1.045 g and dry matter with 0.079 g, the
rhizobacterium Mixta gavinine CASEctol2 showed significant statistical differences
compared to the control without inoculation.

The bacterial strains used in this research that showed the best results have been
documented in different crops, as reported by Kang et al. (2014), where the application
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of rhizobacteria of the genus Acinetobacter on cucumber seedlings at 41 das showed
growth promotion in plant height (27.47 cm), fresh weight (6.28 g), and dry matter
(0.73 g). It has also been used in alfalfa, oats (Li et al., 2020), beets (Shi et al., 2011),
tomato, and sweet bell pepper (Padmavathi et al., 2015). For the serrano chili pepper
seedlings used in this research, 1.018 g fresh weight and 0.067 g dry matter were
reported for Acinetobacter, which presented significant difference with respect to the
control without inoculation.

The rhizobacterium Mixta was proposed as a novel genus in 2018, based on a genomic
study of members of the genus Pantoea. The first four species placed in this genus
were reclassified from the genus Pantoea. The genus name Mixta refers to the “mixed
lifestyles of the species in the genus” (Palmer et al., 2018). Therefore, there are not
many studies that refer to the growth promotion efficacy of the rhizobacterium Mixta
gaviniae, but there are for the genus Pantoea. A study by Kim et al. (2012) proved the
effect of the genus Pantoea in increasing plant height, number of leaves, and fresh
weight of cucumber, tomato and chili pepper plants by up to 123 %, compared to the
uninoculated control.

Intheresultsreported by Salazar-Ramirezet al. (2021), the rhizobacterium Mixta gaviniae
has diverse capacities, such as salinity tolerance up to 15 % (2.55 M), production of the
enzyme ACC deaminase, phosphate solubilization, and production of siderophores
and indoleacetic acid. All these features promote growth by diffusible and volatile
compounds in Arabidopsis thaliana, which suggests considering them as PGPR. In this
study, the rhizobacterium Mixta gaviniae reported a plant height of 9.05 cm and a root
length of 6.1 cm, showing significant differences compared to the control without
inoculation. Therefore, our results add one more culture in which Acinetobacter and
Mixta gavinige rhizobacteria have been evaluated as growth promoters, obtaining
favorable results for the cultivation of serrano chili pepper.

The former demonstrates the relevance of the use of PGPR in the development of
seedlings of agricultural interest, since they allow the production of better developed
seedlings with greater possibilities of surviving transplanting in the field.

Effectiveness of irrigation regimes on the growth of serrano chili pepper seedlings.
Based on the percentage of moisture loss and the variables evaluated, the best irrigation
regime to favor plant height was 100% (224 mL); for root length and fresh weight, the
25 % irrigation (56 mL) was the best, and for dry matter, the 50 % irrigation (112 mL)
showed the best results (Table 5). The 25% irrigation regime fulfills one of the stated
objectives, which shows that even in water deficit, it is possible to promote the growth
of chili seedlings in an adequate manner.

According to Bacallao and Fundora (2014), water deficit affects every aspect of plant
growth, such as anatomy, morphology, physiology, and biochemistry. Among the
most obvious general effects of water stress are germination failure, reduction in plant
height, leaf area, and crop yield.

The water used for irrigation was managed with an electrical conductivity of 2.5 dS
m’', considered highly saline. Chili pepper is moderately tolerant to salinity, given that
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Table 5. Effect of irrigation regimes on the growth of serrano chili pepper (Capsicum annum
L.) seedlings.

. Plant height Root length Fresh weight Dry matter
Irrigation
(cm) (cm) (8) (8)
Irrigation 100 % 6.986 a 6.071 b 0.478 a 0.045b
Irrigation 75 % 6.7 ab 5.786 b 0.406 b 0.030 b
Irrigation 50 % 6.3 bc 5.929b 0.487 a 0.053 a
Irrigation 25 % 6.157 ¢ 6.786 a 0.487 a 0.039 b

*Means with different letters per column present statistical differences (Tukey, p < 0.05).

from the use of water with an electrical conductivity of 2 dS m™, biomass production is
affected (Queiroz Lopes et al., 2019).

Effectiveness of the interaction between rhizobacteria and irrigation regimes
The rhizobacterium Acinetobacter johnsonii NFbEcto18 with the 25% irrigation regime
(56 mL) obtained significant differences with respect to the control without inoculation
in the variables of plant height, fresh weight, and dry matter. A bacterial strain was
found that promotes growth and at the same time protects against water and salt
stress (Table 6 and 7), fulfilling the objective of this work.

Most of the soluble salts in the soil come from irrigation water (Santamaria-César et
al., 2004), hence the relevance of irrigating with a NaCl-added water solution from the
beginning of germination in this research.

According to what was reported by Kang et al. (2014), when using rhizobacteria of the
genus Acinetobacter in cucumber seedlings subjected to salt stress by adding NaCl to
the irrigation water, 21 days after sprouting, a fresh weight of 27.88 g was obtained,
and dry matter of 6.96 g, presenting significant differences with respect to the control
without inoculation.

Table 6. Effect of the interaction between rhizobacteria and irrigation regimes on growth promotion in plant
height and root length of serrano chili pepper (Capsicum annum L.) seedlings.

Plant height (cm) Root length (cm)
Irrigation Irrigation

Rhizobacteria

100 % 75 % 50 % 25 % 100 % 75 % 50 % 25 %
Control 4.5jk 3.4k 3.1k 3.4k 5.7hij 4.0lm 6.1ghi 5.5ijk
NFbEcto18 8.8de 8.2ef 10.5bc 12.4a 10.6a 7.7¢cd 7.2de 7.1de
CASEcto4 9.5cd 7.8efg 4.8k 3.4d 3.5m 4.8klm 4.8klm 5.6hij
CASEcto12 11.5ab 9.6cd 9.8cd 5.3j 5.9ghij 7.0def 6.3fgh 5.2jkl
CASEcto13 4.9Kj 5.2j 4.1jk 5.4ij 4.6klm 4.7klm 7.6cd 8.3bc
CASEndol10 5.1jk 7.2fgh 4.6¢ 6.4hi 6.1ghi 6.6efg 4.8klm 7.3de

*Means with different letters per column present statistical differences (Tukey, p <0.05).
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Table 7. Effect of the interaction between rhizobacteria and irrigation regimes on growth promotion in fresh weight and dry
matter of serrano chili pepper (Capsicum annum L.) seedlings.

Fresh weight (g) Dry matter (g)
Irrigation Irrigation

Rhizobacteria

100 % 75 % 50 % 25 % 100 % 75 % 50 % 25 %
Control 0.228ijkl 0.234hijk 0.220ijk1 0.246ghij 0.047kl 0.086hij 0.130efg 0.021mn
NFbEcto18 0.877cd 0.845d 1.082b 1.266a 0.239c¢ 0.128efg 0.284b 0.394a
CASEcto4 0.1525kl1 0.134kl 0.1905kl1 0.163d 0.020mn 0.058jkl 0.039Im 0.094ghi
CASEcto12 1.248a 0.896cd 1.083b 0.953c¢ 0.395a 0.192d 0.287b 0.265bc
CASEcto13 0.140kl 0.1905kl1 0.318efgh 0.226ijkl1 0.017n 0.024mn 0.133efg 0.011n
CASEndol0 0.289fghi 0.328efg 0.156jk1 0.215ijk1 0.037Im 0.113fgh 0.097ghi 0.086hij

*Means with different letters per column present statistical differences (Tukey, p <0.05).

In the results obtained in this research, serrano chili pepper seedlings inoculated with
Acinetobacter obtained 1.266 g of fresh weight and 0.394 g of dry matter, showing
significant differences with respect to the control without inoculation.

Sodium content in seedlings
For the variable of Na+ concentration in seedling, the strains identified as Acinefobacter
johnsonii NFbEcto18 and Mixta gaviniae CASEctol2 obtained on average a concentration
of 4.53 and 3.60 g Na+ kg plant”, respectively, for each of the different irrigation
regimes (Figure 1).

20+
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S b b b N
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) 104
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Figure 1. Concentration of Na* in serrano chili pepper (Capsicum annum L.) seedlings 50 days after sowing
(das). Different letters between each group of columns indicate significant statistical difference (Tukey; p <
0.05).
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This shows that these two strains give protection to the seedling, decreasing the Na+
concentration four to six times compared to the uninoculated control.

The reduction in plant growth and yield is largely caused by salt stress (Na+), which
in turn causes a reduction in water absorption by plants due to the osmotic effect and
toxicity of salt. Among the alterations caused are ion imbalance and other metabolic
disorders (Hussain et al., 2008; Karlidag et al., 2013).

There are reports where treatments with PGPR possessing the ACC deaminase enzyme
have shown to reduce stress levels and confer salinity tolerance in crops grown on
media with high salt concentrations (Saharan and Nehra, 2011; Gontia-Mishra et al.,
2014; Ali et al., 2014). The rhizobacterium Acinetobacter johnsonii used in this research
has this characteristic, producing the enzyme at a concentration of 0.878 umol a-KB
mg” Pr h'' (Table 3), so this behavior can be attributed to it.

Microbiological analysis

In the microbiological counts, no significant statistical differences were found between
strains or between irrigation regimes. However, an average development between 1.2
x 10° and 1.5 x 10° CFU g of root was observed in all samples (Figure 2).

Performing the CFU analysis gives us a reference to observe the microbiological
behavior and know if any positive or negative response can be attributed to the
bacterial strains. In this case, from the results obtained, a positive response to plant
growth stimulation is attributed to these rhizobacteria being present in the root.

2x105+
Bl 100 % Irrigation
a . W 75 % Irrigation
5
1.5x10°= & a a a B 50 % Irrigation
a a ¢ a a
- a a a a 25 % Irrigation
"0 a 2 a
D 1x10°4 ‘
Ej a
5x10%+
0 -
[e] < [a\] o) (=}
= =] = = =
s o g g S
13} 23] 13} 13} o
3] 0 I~ | 8
2 g 2 2 2
z © J J S

Figure 2. Comparison of means of Colony Forming Units (CFU) per g of root 50 days after sowing (das)
serrano chili pepper (Capsicum annum L.) seedlings.
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CONCLUSIONS

The use of growth-promoting rhizobacteria is effective in promoting the growth of
serrano chili pepper seedlings. The strains Acinetobacter johnsonii NFbEcto18 and Mixta
gaviniage CASEctol2 promoted greater height, higher fresh weight, and dry matter in
seedlings, as well as reduced the effects of high Na* concentration, so they can be used
under salinity stress conditions.

The rhizobacterium Acinetobacter johnsonii NFbEctol8 can be used under water
stress conditions, since its results with 25% irrigation were favorable. Mixta gaviniae
CASEcto12 has few records as a growth promoter; therefore, the results of this study
constitute an important contribution for this species.
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